Abstract-This paper proposes a transformation matrix to generate Pulse Width Modulation (PWM) signals for Four Switch Three Phase Inverter (FSTPI) using vector control. The feasibility of the control strategy is verified by proving the power invariance before and after the transformation. Simulation and experimental results have verified the validity and effectiveness of the proposed method to obtain instantaneous response in different operating conditions and provide fast speed response.
I. INTRODUCTION
Pulse Width Modulation (PWM) voltage source inverter fed induction motor drives are widely used in consumer products and industrial applications. Much research has been conducted on Four Switch Three Phase Inverter (FSTPI) [1] - [15] .Some of these researches have proposed FSTPI to reduce cost [1] [2], others as an emergency drive during inverter failure of the conventional three phase inverter [3] [4] .
Prior work performed on FSTPI focused on the Space Vector PWM (SVPWM) method to generate signals for FSTPI have been reported. Three kinds of space vector modulation techniques that made the voltage vector track a desired circular trajectory was proposed in [5] . The same author also extended his previous work by compensating voltage error [6] . Various space vector modulation strategies have also been proposed to compensate the voltage errors caused by the DC-link center tap voltage fluctuation [7] - [11] .
SVPWM has been reported to offer good dynamic performance and reduction in torque ripple [12] . However, in order to implement this control method, complex algorithms are required. These algorithms require high performance controllers for heavy calculations and, in some cases, increase the cost of the drive. Furthermore, SVPWM applied to FSTPI drive experiences modulation and unbalanced current problems, of which compensation techniques are proposed [13] [14] . Nevertheless, SVPWM fed FSTPI drive still has limitations with computational complexity and stability.
A less complicated method of generating signals is still required. In order to realize this objective a sinusoidal PWM technique in time domain is a preferable method. To date, no paper has considered or developed a method to generate sinusoidal PWM for FSTPI.
Most of the reported work used the conventional open loop volts per hertz (V/F) control system. Results using the V/F control method show the inadequacy of torque at low speed regions [15] . In order to apply two phase inverter to high performance motor drives that require full torque at low speed regions, a control method that can produce full torque at zero speed is required. The author in [16] analyzed that FSTPI drive using vector control can achieve a three phase balanced current. However, no paper has reported information on the torque characteristics of Four Switch Three Phase Inverter using vector control system.
In this paper, a new transformation matrix to generate sinusoidal PWM signals for FSTPI is proposed. Design strategy, some simulation and experimental results including torque characteristics of the FSTPI drive using vector control will be presented and discussed.
II. FOUR SWITCH THREE PHASE INVERTER

A. Structure of Four Switch Three Phase Inverter
The circuit of FSTPI is shown in Fig.1 . FSTPI consists of four switches, U and W phases are connected to the U and W phases of the induction motor respectively. The V phase of the motor is connected to center potential of the DC source. 
B. Principle of Four Switch Three Phase Inverter
The V connection of a three phase circuit is shown in Fig.2 . As shown in equation (1), V A and V B are the AC power source which has a phase difference of π⁄3. When these two phase power supply voltage is applied to a three phase load, a three phase balanced voltage V un , V vn and V wn , is generated as shown in equation (2 
III. SINUSOIDAL PWM TECHNIQUE FOR FSTPI
In the control strategy of the conventional vector control fed three phase inverter motor drive, a three phase sinusoidal PWM reference voltage V u ,V v ,V w is generated. Since vector control is conducted in dq axis, the output voltage command V d , V q , is transformed into voltage vector axis ( ) using inverse park transformation to V , V as shown in equation (3) and (4). This voltage vector (V , V ) is then transformed using inverse Clarke transformation to generate a sinusoidal 3 phase reference voltage output (V u , V v , V w ) as shown in equation (5) and (6) . In the two phase axis to UVW axis transformation, a constant is multiplied in order to retain the same power before and after transformation. 
A. Proposed Control Strategy
The block diagram of the proposed system is shown in Fig.3 . In the case of FTSPI, a two phase voltage reference command that has a phase difference of π⁄3 is required to generate PWM signals. In this paper a new transformation method is proposed to generate signals for FSTPI by creating a transformation matrix. The proposed transformation matrix is shown in equation (7) . The matrix is applied to the two phase voltage vector command (V , V ) to transform the signals into a two phase scalar reference voltage (V A , V B ) as shown in equation (7) and (8) . In this new transformation matrix, the constant is also required to facilitate power invariance of the transformation. The reference voltage (V A *,V B *) in equations (9) have a sinusoidal waveform of the same amplitude but with a phase difference of π⁄3. This reference voltage is used to generate PWM signals to drive the FTSPI.
B. Power Invariance
In order to mathematically validate the proposed transformation matrix, the power invariance is calculated. Power invariance indicates that the power before and after transformation is the same. The global condition to prove power invariance before and after transformation is shown below in (10) . Where [C] is the proposed transformation matrix, [C] -1 is the inverse of the proposed matrix and [C] t is the transposed matrix.
In order to calculate power invariance, the proposed transformation matrix [C] in equation (11) must be a three rows and three columns matrix. Therefore, the transformation matrix axis is rewritten as V 0 to VAB0 as shown in equation (12) . From the calculation results equation (13) and (14) IV. VECTOR CONTROL Vector control is a control procedure for operating an induction motor that results in fast dynamic response and energy efficient operations at all speeds. It maintains high efficiency over a wide range and allows for precise dynamic control of speed and torque.
The block diagram of a vector control fed FSTPI drive is shown in Fig.4 and its basic equations are given below (15)-(18). Vector control accomplishes instantaneous commutation with velocity feedback from the motor (ω r ) and a feed forward slip command (ω s ). The motor current is divided into magnetizing current (I d ) and torque component (I q ). As shown in Fig.4 , the speed, I d and I q reference is compared to the feedback value and the error is processed through a PI controller. The output command after vector control V d , V q is transformed to V , V axis and then V A , V B axis. This reference signal is used to generate PWM signals that are transmitted to the inverter and finally to the motor. 
V. SIMULATION RESULTS
To verify the proposed control strategy, a simulation model for FTSPI is designed and implemented. PSIM software is used for the simulation. The main circuit consists of four IGBT switches. In the analysis, the inverter switches are considered as ideal switches. The specification of the induction motor and inverter parameters are shown in Table. 1. The torque command is set from 0 -1.49Nm (0 % to 100% of the rated torque).
A. Reference Voltage
The reference voltage (VA, VB) for the FSTPI is shown in Fig.5 . The results shows that the voltage reference signals after using the proposed transformation matrix has a phase difference of π⁄3. 
B. Dynamic Response Characteristics
The dynamic response of the system during various speed and load conditions is shown in Fig.6 and Fig.7 . To examine the response of the drive due to step change speed, the speed command is increased by 20% at t=1second from 300rpm to 500rpm at full load condition. Figure 6 shows the motor reaches its command speed in less than a second with negligible oscillations.
The speed and torque response due to increase in load is also examined as shown in Figure 8 . During the startup operation, the motor speed command is set at 500 rpm and load torque at 0Nm. After 2seconds the load torque is stepped up from no load condition to 1.49Nm (rated torque).
The results show that the motor current amplitude increased in order to handle the increase in torque. Furthermore, when the torque is increased speed slightly falls but recovers in less than a second. These results show the drive has fast dynamic response under different load conditions. 
C. Motor Current Waveforms
The current waveforms of the motor during operation at 400rpm and its rated load (1.49Nm) is shown in Fig 7. The result shows that the three phase current waveforms of the motor are balanced. 
VI. EXPERIMENTAL RESULTS
The feasibility of the proposed Sinusoidal PWM method for FSTPI is verified by experimental implementation. Figure 9 shows the inverter circuit for the experiment. The same inverter is used for the three phase and two phase experiments. When the inverter is set to two phase mode, b phase of the motor is connected to and in a three phase mode is connected to . The specification of the induction motor and the inverter parameters for both two and three phase inverters are shown in Table. 1.
The control system configuration is shown in Fig.10 . PE-Expert 3 is the digital system which is equipped with Digital Signal Processor (DSP), Analog Digital (AD) converter and PWM functions. As shown in Fig.10 , the program signals are transmitted from the host computer to the DSP of the PE-Expert3. A. Reference Voltage Figure 11 shows the waveforms reference voltage (VA, VB). The results illustrates the reference voltage has a phase difference of π⁄3. The simulation and experimental results are in agreement. 
B. Current Waveforms
The waveform of motor current at speed 300rpm and rated load torque condition is shown in Fig.12 . The results show the proposed FSTPI drive can achieve a three phase balanced motor current. 
C. Response Characteristics
To evaluate the performance and verify the robustness of the proposed control method, the system is tested under different load conditions. The motor speed is set at a constant 400rpm and the load torque is set from 0-1.49 [Nm] .
The response characteristics of the speed and motor currents are shown in Fig.13 . The torque command is increased from 0% to 100% at t = 2 seconds. The results show that as the load torque increases, the motor current amplitude also increases.
Under the same load conditions, the speed response to increase in load torque is shown in Fig.14 . The results show that when the load torque is increased the motor speed slightly falls below the command speed but recovers instantaneously. Figure 15 illustrates the response of motor speed when the load torque is reduced from 1.49[Nm] to 0 [Nm] . The results show that the speed increases above the command speed but returns back to the command speed in less than a second. 
D. Torque-Speed Characteristics
The speed torque characteristics of an FSTPI fed induction motor drive is shown in Fig.16 . For comparison purposes, the results of a three phase inverter drive is also shown in Fig.16 . A DC generator is used as a load in the experiment. The torque is set at 1.49Nm (rated value). The experiment results shows that;
1. From zero speed region to medium speed region (approx.600rpm) both in an FSPTI and SSPTI drive, equivalent torque can be obtained. 2. In the FSTPI drive, maximum attainable torque with regard to the torque command (1.49Nm) reduces above 600 rpm (base speed). However, in an SSTPI drive, up till 1250 rpm (rated speed), maximum torque can be achieved. 3. Comparing the speed characteristics of an FSTPI and SSTPI drive, the maximum attainable speed torque is reduced by 50%. 
VII. CONCLUSIONS
In this paper, a transformation matrix strategy is proposed to generate PWM signals for FSTPI. The power invariance of the transformation is verified mathematically. The feasibility of the proposed strategy is verified by simulation results and validated by experimental results under different speed and load conditions. The results obtained and presented in this work indicate that the proposed control method is capable of instantaneous speed and torque responses.
Furthermore, the drive is robust to load disturbances and parameter variations. This control strategy is suitable for motor drives that require full torque from low speed regions. Further study to improve the torque characteristics of an FSTPI drive in high speed regions will be done by applying flux weakening control.
